Objective: To compare the accuracy of Alberta Stroke Program Early Computed Tomography Score (ASPECTS) and CT perfusion to detect established infarction in acute anterior circulation stroke.
treatment. 2, [6] [7] [8] Benefit of thrombectomy is preserved in patients with ASPECTS scores lower than the cutoff value proposed in the ASPECTS validation study (i.e., 8) and in patients with scores lower than the cutoff value commonly used for selection of patients for reperfusion therapy (i.e., 6 or 7). 2, 8 CT perfusion to evaluate ischemic core and penumbra volume of ischemic stroke has shown to correlate well with acute MRI diffusion-weighted imaging (DWI) lesion volume. 9, 10 Compared to acute brain MRI, CT perfusion is more readily available and rapidly acquired. 9 Software processing of CT perfusion source images can generate ischemic core and penumbra maps that can accurately identify the acute infarct and tissue at risk for infarction. 10 The addition of CT perfusion imaging, however, is more time-consuming compared to noncontrast CT and CT angiography imaging alone.
We therefore aimed to compare the accuracy of brain noncontrast CT ASPECTS and CT perfusion core volume to identify patients with established infarction. METHODS Patient population. We retrospectively analyzed a convenience series of 59 confirmed acute anterior circulation ischemic stroke patients between May 2003 and December 2011 who presented within 6 hours from stroke onset and underwent acute multimodal CT as well as MRI. Each patient underwent a noncontrast CT, CT angiography, and CT perfusion as part of the standard acute stroke assessment. All patients then went on to have MRI brain within 100 minutes from CT perfusion. Thrombolytic treatment was initiated between CT and MRI in eligible patients. As this study was performed before validation of endovascular clot retrieval therapy in acute ischemic stroke, no patient received a thrombectomy.
Imaging protocol. CT imaging was performed on a 16-slice Philips (Best, the Netherlands) Mx8000 or a 64-slice Philips Brilliance. A 40 mL bolus of contrast agent (Ultravist 370; Bayer HealthCare, Whippany, NJ) at a rate of 6 mL/s was used to acquire CT perfusion images at 45 time points of 1.33 seconds. Four to eight adjacent 5-to 6-mm slices covered 24-40 mm sections, using a 16-or 64-slice scanner, respectively. We used commercially available MIStar software (Apollo Medical Imaging Technology, Melbourne, Australia) to process CT perfusion images and generate cerebral blood volume, cerebral blood flow, mean transit time, and delay time, as well as ischemic core and penumbra maps. [10] [11] [12] Core and penumbra maps are graphically represented as red and green areas, respectively, superimposed on the noncontrast CT (figure 1). The software automatically selects global arterial input function from a large intracranial artery and a venous outflow function from a large draining cerebral venous sinus. A model-free singular value decomposition is used to deconvolve the tissue enhancement curve and the arterial input function with automated delay and dispersion correction. 13, 14 Core infarct is defined as the brain region with a relative cerebral blood flow of less than 30% (compared to the contralateral hemisphere) within a region with a delay time of more than 3 seconds and a minimum cluster size of 5 mm. The perfusion lesion is defined as the region with a delay time of more than 3 seconds and the penumbra as perfusion lesion after exclusion of the ischemic core. Areas of no blood flow, chronic infarction, or CSF regions are automatically masked from the perfusion maps: no blood flow pixels are removed by eliminating areas where cerebral blood flow 5 0 and a Hounsfield threshold and geometrical analysis is used to remove skull and CSF or ventricle pixels. MRI brain was performed on a 1.5 T MRI (Siemens [Munich, Germany] Avanto) and included axial isotropic DWI, echoplanar spin-echo sequence, time of flight magnetic resonance angiography, and bolus-tracking perfusion-weighted imaging. 15 Data collection. Prior to data collection, patients with missing imaging data were excluded (n 5 5). ASPECTS was performed by 4 independent vascular neurologists at 2 centers. Assessors were unblinded to the affected hemisphere. CT images were assessed using nonstandard, variable soft copy, narrow window Noncontrast CT, core (red) and penumbra (green) CT perfusion maps, and acute diffusion-weighted imaging (DWI) MRI in 3 different patients (A) Agreement among all imaging modalities (Alberta Stroke Program Early Computed Tomography Score [ASPECTS] score 5, CT perfusion core volume 58 mL, MRI DWI volume 106 mL). (B) Established large infarct with high ASPECTS score (ASPECTS score 9, CT perfusion core volume 52 mL, MRI DWI volume 90 mL).
and level settings centered between 35-45 HU width and 35-45 HU level (aspectsinstroke.com). After collection of all imaging data, a consensus meeting was organized to solve disagreement between raters and to obtain a single ASPECTS score per patient. We used commercial MIStar software to calculate the ischemic core volume on CT perfusion, applying the abovementioned thresholds. CT perfusion imaging analysis was performed after ASPECTS rating. We used an area of interest tool for semiautomated selection of lesion outline to delineate acute MRI DWI lesions based on signal intensity (contrast). The tool automatically measured the volume of the DWI lesion by adding the highlighted area in each slice the lesion was visualized. A DWI lesion volume of at least 70 mL was chosen to represent a large infarct volume beyond which the benefit of IV reperfusion therapy may be limited. 10, 16, 17 Assessment of MRI DWI lesions was performed after acute CT perfusion imaging analysis. Before perfusion postprocessing, CT perfusion source images were coregistered to the corresponding MRI DWI images. Next, the MRI DWI areas of interest were transferred to the coregistered acute CT perfusion core-penumbra maps for statistical volume analysis. Volume coverage of the acute MRI DWI lesion by the CT perfusion core lesion was then calculated.
Statistical analysis. All statistical analyses were performed with SPSS version 20 (IBM Corp., Armonk, NY). The area under the receiver operating characteristic curve (AUC) was calculated to estimate the accuracy of noncontrast CT ASPECTS and CT perfusion core volume to predict a large acute MRI DWI lesion volume (.70 mL) and the method of Delong et al. was applied to compare the AUC between ASPECTS and CT perfusion. 18 Sensitivity, specificity, positive predictive value (PPV), negative predictive value (NPV), and correct classification rate were then calculated for different ASPECTS cutoff scores and CT perfusion core volume cutoffs to predict a DWI lesion of at least 70 mL using standard 2 3 2 contingency table methodology. Next, the Youden index was used to determine the optimum ASPECTS cutoff score and CT perfusion core volume. Intraclass correlation coefficient (ICC) was used to estimate interrater agreement for ASPECTS scoring (2-way mixed effects model with measures of absolute agreement). AUC was used to determine accuracy for ASPECTS, CT perfusion core volume, and MRI DWI lesion volume to predict poor functional outcome at 90 days after the stroke, defined as a modified Rankin Scale score of 3-6. The correlation between CT perfusion core volume and MRI DWI lesion volume was measured by calculating Pearson correlation coefficient (Pearson R) and the coefficient of determination (R 2 ). ICC was calculated as a measure for agreement between CT perfusion core volume and DWI lesion volume. A scatterplot and Bland-Altman plot was used to further examine the correlation between CT perfusion and MRI DWI lesion volume.
A Wilcoxon rank sum test was used to assess statistical differences between onset and imaging time in patients with high vs low ASPECTS scores.
Standard protocol approvals, registrations, and patient consents. The study was approved by the Hunter New England Human Research Ethics Committee and all patients gave informed consent.
RESULTS Patient characteristics. The median patient age was 76 years (interquartile range [IQR] 68-84). Forty-nine percent of the population was male. Median NIH Stroke Scale score at admission was 15 (IQR 12-17). Median onset to admission time was 157 minutes (IQR 113-166). Median time from symptom onset to start of imaging was 200 minutes (IQR 177-249). The acute MRI brain was performed at a median of 60 minutes after CT imaging (IQR 34-98 minutes). Time from onset to start of imaging did not differ between high (i.e., 7-10) and low (i.e., 0-6) ASPECTS score subgroups (193 minutes [IQR 168-221] vs 228 minutes [IQR 187-276]; p 5 0.08).
Twenty-nine patients (49%) were thrombolyzed. The other patients were either outside of the thrombolysis time window or were excluded from thrombolysis because of large established infarction on CT imaging or comorbidity.
Imaging characteristics. ASPECTS scores ranged from 1 to 10. Median consensus ASPECTS score was 8 (IQR 5-9). Sixty-three percent of patients had an ASPECTS score of 7 or higher. Eighty-eight percent of patients had an ASPECTS score of 4 or higher (table e-1 and figure e-1 at Neurology.org). ASPECTS interrater agreement was good (ICC 0.71). More details about the interrater reliability can be found in the supplemental data.
CT perfusion ischemic core volumes ranged from 0 to 188 mL. Median lesion volume was 22 mL (IQR 10.4-71.9). Twenty patients (34%) had a CT perfusion core volume of at least 50 mL and 16 patients (27%) had a core volume of 70 mL or more (table e-2). Median acute MRI DWI lesion volume was 24.5 mL (IQR 10-63.9 mL). DWI lesion volume ranged from 1.3 to 215 mL.
Forty-nine patients (83%) had a documented large vessel occlusion. In 27 patients (55% of large vessel occlusions), the M1 segment of the middle cerebral artery was occluded, and in 15 patients (31% of large vessel occlusions), the carotid was occluded or a carotid-middle cerebral artery tandem lesion was present. At the time of MRI, complete vessel recanalization had occurred in 10 patients (20%). Twenty-one patients (43%) showed a persistent occlusion. The other 18 patients (41%) had partial recanalization.
Correlation of noncontrast CT ASPECTS score with acute MRI DWI lesion volume. Conventional ASPECTS had a good overall accuracy to predict an acute MRI DWI lesion volume of at least 70 mL (AUC 0.87 [95% CI 0.78-0.96]; figure 2, table e-1). The ASPECTS cutoff value of ,7 (i.e., 0-6 vs 7-10) had an optimum Youden index of 0.60. At this cutoff value, sensitivity to detect an acute DWI lesion $70 mL was 0.74, specificity was 0.86, PPV was 0.77, and NPV was 0.84 (figure 2, table e-1). Eighty-one percent of patients were correctly classified as either small or large volume lesion. Using a cutoff score of ,7, 5 patients (8.5%) with small DWI lesions would be excluded from reperfusion therapy and 6 patients (10%) with large DWI lesions would undergo reperfusion treatment. The other ASPECTS cutoff score used in several thrombectomy trials (i.e., , 6) had a sensitivity of 0.65 and a specificity of 0.92 (figure 2, table e-1).
Correlation of CT perfusion volume with acute MRI
DWI lesion volume. CT perfusion core volume had excellent accuracy to predict an acute DWI lesion volume of $70 mL (AUC 0.95 [95% CI 0.89-1.00]; figure 2 , table e-2). The cutoff CT perfusion core volume of at least 50 mL most accurately matched a DWI lesion of $70 mL (sensitivity 0.86, specificity 0.97, PPV 0.95, NPV 0.92, Youden index 0.84; figure 2, table e-2). Using this volume cutoff, 1 patient (2%) would erroneously be refused therapy and 3 patients (5%) with large DWI lesions would be missed.
There was no significant difference between the accuracy of CT perfusion and ASPECTS to predict an acute DWI lesion of at least 70 mL (p 5 0.17).
The CT perfusion core volume covered on average 90.3% of the MRI DWI lesion (range 32%-100%; median 100%; IQR 86%-100%; Pearson R 5 0.88; R 2 5 0.77; figure e-2). ICC between CT perfusion core volume and DWI lesion volume was 0.77 (95% CI 0.22-0.90). Larger DWI lesions in particular were significantly underestimated by CT perfusion (bias 239 mL; median volume difference 230 mL; IQR 24 to 257 mL; p , 0.001; Bland-Altman plot, see figure e-3).
Correlation of ASPECTS, CT perfusion, and MRI with functional outcome. MRI DWI lesion volume most accurately predicted a poor clinical outcome (AUC 0.95 [95% CI 0.90-1.00]). The accuracy of CT perfusion core volume and ASPECTS was comparable (AUC 0.79 [95% CI 0.67-0.90] vs AUC 0.75 [95% CI 0.62-0.87]).
DISCUSSION
In this study, we compared the accuracy of ASPECTS with automated CT perfusion core volume estimation to identify patients with established large infarcts on hyperacute MRI, defined as an MRI DWI lesion volume of at least 70 mL. We found no significant difference between the accuracy of ASPECTS and CT perfusion to identify patients with a large DWI lesion (AUC 0.87 vs 0.95, respectively, p 5 0.17). The optimum cutoff values for ASPECTS and CT perfusion core volume, however, did result in a higher number of patients incorrectly classified as large or small established infarcts with use of ASPECTS. The optimum ASPECTS cutoff score of ,7 resulted in a higher number of false-positive cases and a lower number of correctly classified patients when compared to CT perfusion (8.5% vs 2% and 81% vs 93%, respectively). The lower specificity of ASPECTS to identify patients with large established brain infarction may in part explain the findings of the retrospective analysis of the unselected endovascular clot retrieval trial Multicenter Randomized Clinical Trial of Endovascular Treatment for Acute Ischemic Stroke in the Netherlands (MR CLEAN), in which thrombectomy increased the chance of independence by 19% in patients with an ASPECTS score of 5-7. 8 Conversely, our data indicate that many patients with a normal or near normal brain noncontrast CT (i.e., ASPECTS 8-10) might already have a large area of established infarction. Compared to the optimum CT perfusion cutoff value of $50 mL, use of ASPECTS doubled the number of patients erroneously categorized as small volume established lesions. These findings could not be explained by the relative insensitivity of ASPECTS in the very early phase of ischemic stroke.
Although the overall agreement on the ASPECTS score was good, absolute agreement between raters was low and we found significant heterogeneity between individual raters (see supplemental data). These findings are consistent with a recent large meta-analysis and may further complicate the use of the ASPECTS score. 19 Where interrater variability limits the use of ASPECTS scoring for selection of patients for reperfusion therapy, CT perfusion software automatically creates core and penumbra maps and calculates core and penumbra volumes that do not need further interpretation.
The accuracy of CT perfusion core volume to predict a large MRI DWI lesion was excellent, and the optimum cutoff volume of $50 mL was highly specific and resulted in 93% of patients correctly classified. We did, however, see a tendency to underestimate the volume of large DWI lesions, resulting in a lower optimum volume threshold. The stronger correlation between the CT perfusion and DWI lesion volume may in part explain the enhanced absolute and relative benefit seen in the randomized trials on endovascular clot retrieval where CT perfusion was used in patient selection as compared to CT angiography alone or CT angiography and ASPECTS: CT perfusion patient selection yielded the highest number of patients without disability 3 months postintervention (71% vs 32.6%-60%). [3] [4] [5] 16, 20, 21 In our population, accuracy to predict clinical outcome was only slightly higher for CT perfusion when compared to ASPECTS. As opposed to the abovementioned trials on endovascular treatment, a large proportion of patients in this study did not achieve reperfusion.
Our study has some limitations and caveats. First, the study sample size is low, which may render us underpowered to find a significant difference between CT perfusion and ASPECTS. Furthermore, the limited number of patients with low ASPECTS scores (15% of patients had an ASPECTS score lower than 5) does not allow us to comment on the accuracy of ASPECTS scores 0-4 to detect very large volumes of established infarct. Second, ASPECTS training differed significantly between individual raters, which is reflected in the interrater reliability results. However, significant heterogeneity in ASPECTS experience is to be expected in daily practice and has been demonstrated to further limit the usefulness of the ASPECTS score. 18 Third, we were not able to evaluate the accuracy of multiphase CT angiography. Finally, imaging techniques have evolved during the study period, which may affect the generalizability of our findings. Subanalysis of our results, although limited by the small sample size, does not show a significant difference in patients imaged with a third-vs fourth-generation helical CT scanner (figure e-4).
Although the accuracy of ASPECTS and CT perfusion to evaluate a large area of established infarction was similar, the lower false-positive and false-negative rate seen with CT perfusion makes it a more suitable tool for patient selection for IV therapy. Furthermore, CT perfusion has the additional benefit of providing information about the volume and location of the tissue at risk. Although there currently is insufficient evidence to exclude a subgroup of acute ischemic stroke patients from reperfusion treatment, our findings suggest CT perfusion may be more reliable and accurate than ASPECTS to further evaluate this query.
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